Based on the gravitational collapse time-scale is larger than the weak interaction timescale at core densities ρ > 10 11 gr/cm 3 , we approximately use the β-equilibrium condition and particle number conservations to calculate the number and energy densities of neutrino sphere in the process of gravitational core collapse towards the formation of a proto-neutron star. We find that at core densities ρ dec > 10 12 gr/cm 3 , the β-equilibrium condition cannot be satisfied consistently with charge, baryon and lepton number conservations, leading to the presence of excess neutrinos decoupling from the β-equilibrium. These excess neutrinos interact with nucleons and electrons via the neutral current channel only and their diffusion time is about 10 −2 sec. The excess neutrino flux could play an important role in an Supernova explosion, provided the fraction of excess neutrinos over all neutrinos is at least one present.
matter (the outside core matter includes iron group nuclei). Then the shock wave is enervated and loses its energy in the form of electron neutrinos, finally the shock wave would halt its outward motion [1, 6, 7] .
Wilson proposed the delayed mechanism [8] that neutrino flux has a time scale much longer than prompt hydrodynamical explosion and revives the stalled shock wave by the charged current absorption of electron neutrinos and anti-neutrinos. However, in this mechanism, at least 99% of the binding energy of the neutron star (∼ 10 53 ergs) comes out in neutrinos, which is 100 times that needed for the shock wave to give a powerful supernova explosion [5, 6] . In addition, compared with the time scale of the shock wave, the diffusion time of these neutrinos is too much longer to revive the shock wave at proper time [5] . The main problem of delayed mechanism is then channeling some small fraction of the neutrino energy to the proper place and at the proper time to cause the explosion, several attempts have been made to find a solution to the problem [6, 7, 9] .
In this letter, we study a possible solution to the problem.
Weak interaction and adiabatic gravitational collapse. In the standard model of particle physics, neutrinos interact with electrons and nucleons via charged and neutral current processes,
ν + (e, N ) → ν + (e, N ).
The cross-section of the dominate β-processes (1) σ CC ≈ 9.75 × 10 −42 (Ē ν /10 MeV) 2 cm 2 whereĒ ν is the neutrino mean-energy. Neutrinos are left-handed, interacting only with left-handed quarks (u, d) inside nucleons and electrons by exchanging charged gauge bosons W ± . The cross-section of the neutrino-electron channel (2), σ eν NC ≈ 0.01σ CC forĒ ν ∼ 10 MeV [10, 11] . The cross-section of the neutrino-nucleon channel (2) is
where
2 θ W are left-handed neutrino gauge couplings to left-and right-handed quarks (u, d) by exchanging neutral gauge boson Z • (sin 2 θ W ≃ 0.25) [11] . σ NC ≈ σ CC /4, the β-processes (1) have a larger probability than neutral current processes (2).
We consider a collapsing stellar core of radius R and mass M ≃ M ⊙ , the collapsing time-scale t coll = (Ṙ/R) −1 ≈ R/c is much larger than the weak-interaction time scale t weak ≈ (c σ CC n n ) −1 (t coll ≫ t weak ), at nucleon densities ρ 10 11 gr/cm 3 for R R * ≈ 20R c andĒ ν ∼ 10 MeV (see Fig. 1 ). This implies that gravitational collapse could be approximately treated as slowing varying In the range R dec < R < R * , the ratio t weak /t coll is plotted as a function of the collapsing radius R/R c .
adiabatic process with respect to the β-processes (1), which is in agreement with other studies (see for review [12] ). In this adiabatic approximation, at each collapsing radius R, the β-equilibrium is assumed to be locally and instantaneously established in the characteristic space-time variations ∆R and ∆t, determined by the equation of gravitational collapse. The analogous discussion can be applied for other macroscopic processes. Based on this adiabatic approximation, we study neutrino emission in gravitational collapse.
β-equilibrium and neutrino sphere. Suppose that the stellar core is composed by complete degenerate gases of electrons, neutrinos, protons and neutrons for their Fermi momenta being much larger than temperature. The β-equilibrium condition is
where chemical potentials
Suppose that particles homogeneously distribute within the core of volume V = 4πR 3 /3, their densities n n,p,e,ν = N n,p,e,ν /V and Fermi momenta p F n,p,e,ν = (3π 2 ) 1/3 n 1/3 n,p,e,ν . A = N n + N p and L = N e + N ν are the total conserved baryon and lepton numbers, local neutrality requires n p = n e . The variation of neutrino number is related to nucleon one, ∆N ν = ∆N n = −∆N p . These equations completely determine the ratio A/N p and n n,p,e,ν (R) as functions of the core radius R.
During collapse, the variation of gravitational binding energy ∆E g ≈ −3(GM 2 /R)(∆R/R) [13] , and it is believed that about 99% of this energy is converted to the neutrino energy [14] . Neutrinos are trapped inside the core for large opacity
for R R * ≈ 20R c , coinciding with the valid range of adiabatic approximation.
Using Eqs. (4-6), we determine a neutrino sphere (see Figs. 2 and 3) by numerically calculating the ratio A/N p , particle number-density n n,p,e,ν and energy-densities ǫ n,p,e,ν as functions of the core radius (or core density), starting from the radius R * ≈ 20R c (ρ * ≈ 5 × 10 10 gr/cm 3 ) to the radius
, which will be clarified below. The obtained value A/N p at the radius R dec ∼ R c (a new born proto-neutron star radius) is consistent with numerical simulation results Y e,p = N e,p /A ≈ 0.3 − 0.5 [1, 3, 6, 15] in agreement with observation data [16] .
It is shown that at the radius R dec , τ ν ∼ 10 2−3 , n ν ∼ 10 36−37 /cm 3 , ǫ ν ∼ 10 31−32 ergs/cm 3 , and the total neutrino energy and number are 10 52−53 egrs and 10 56−57 . The neutrino mean-energȳ
Excess neutrinos over the β-equilibrium. The numerical calculation shows that at the radius
, where the neutrino chemical potential is so large that non solution fully fills the β-equilibrium condition (4) with baryon, lepton and charge conservations. In fact, it is a necessary condition that the neutrino chemical potential should be smaller than electron one, µ ν < µ e , because the neutron chemical potential is larger than proton one µ n > µ p . In another word,
, where the factor 1/2 is due to different neutrino and electron spin degeneracies. We might introduce the radius R dec determined by the critical condition µ ν (R dec ) = µ e (R dec ), then Eq. (4) yields the critical condition
at the radius R dec . We analytically calculate the neutrino chemical potential
, consistently with the numerical result at the radius R dec (see Figs. 2 and 3 ).
When the collapsing radius R < R dec , N ν > N n /2 then neutrons cannot absorb all neutrinos via the β-process n + ν → p + e. As a consequence, excess neutrinos N EX ν over the β-equilibrium, namely those neutrinos decoupled from the β-processes (1), must be present in the neutrino sphere.
This can be understood from the microscopic point of view, the difference between the neutrino emissivity and the absorption by the thermal system of electrons, protons and neutrons via the β-processes (1) is given by [10] 
where κ ν , I ν and B ν are the absorptive opacity, the specific intensity and the black-body function for neutrinos. In Eq. (8),
When the detailed balance is established, i.e., the neutrino absorption and emission rates are exactly equal, neutrinos are in thermal equilibrium with the system via the β-processes, the β-condition (1) is fully satisfied and C β (Q β ) vanishes, leading to the neutrino black body distribution
and B ν = I ν . This is the case for R > R dec , we use β-equilibrium condition (1) to calculate number- 
is plotted as function of core density ( * and quadrangle points are results of [18] and fitting formula [19] ), ρ * ∼ 5 × 10 10 gr/cm 3 is the density which is started the trapping of neutrinos.
and energy-densities of the neutrino sphere. In the case R R dec , the β-equilibrium condition We would like to see whether this critical condition (7) appears in calculations by numerical simulations. Using numerical simulation data [18] and fitting function [19] for electron fraction Y e , in Fig. (4) , we plot the ratio Y ν /Y e (neutrino fraction over electron fraction) in terms of core density ρ. We find at core densities ∼ 10 3 this ratio Y ν /Y e → 0.5, consistently with the decoupling density ρ dec obtained in Fig. 2 and Eq. (7).
Excess neutrino luminosity and diffusion time. These excess neutrinos decouples from the β-processes, then the cross-section of excess neutrinos via the β-processes vanishes, σ R -terms in Eq. (3), yielding the cross-section σ R NC ≈ 0.01σ CC . As a result, the excess neutrino opacity is only due to the scattering via righthanded neutral current channels (2),
where n R N ≈ n N /2 the nucleon number-density, which accounts only right-handed quark fields inside nucleons. The diffusion time t EX diff can be estimated by (see for example [12] ), 
, where the parameter η EX (η EX < 1) presents the fraction of excess neutrinos over the β-equilibrium. The corresponding luminosity is
and L ν (R dec ) ≈ 5 × 10 54 η EX erg/sec, increasing as the collapsing radius R decreases in the range
We try to estimate the fraction η EX of excess neutrinos produced in the range R c R R dec .
Due to their short diffusion time ∼ 10 −2 sec, excess neutrinos are supposed to completely emit away when the collapsing radius R varies from R dec to the radius R c of a new born proto-neutron star, in which protons, neutrons, electrons and β-neutrinos are in the β-equilibrium at the critical condition N n ≈ N p = N e = 2N ν . Under this assumption, we calculate the energy variations ∆E int p,n,e,ν = E int p,n,e,ν (R c ) − E int p,n,e,ν (R dec ) ≃ (0.9 ∼ 1.5) × 10 53 ergs, as well as the energy emission of excess neutrinos (11) . The variation of gravitational binding energy ∆E g ≈ −3(GM 2 /R)(1 − R c /R dec ) ≈ −(1 ∼ 1.7) × 10 53 ergs. We obtain η EX < 0.1 by the total energy conservation.
Excess neutrinos and Supernova explosion. The necessary conditions for an Supernova explosion due to neutrino flux are: (i) a steady neutrino flux occurs in the range between a protoneutron star (PNS) radius R c (shock wave starts) and shock radius R shock ∼ 200km (shock wave stalls), corresponding to the shock time-interval t sh ∼ 0.1 sec; (iii) the steady neutrino luminosity exceeds a threshold luminosity L crit ν . The theoretical and numerical studies show in order to have a powerful explosion, it needs the neutrino luminosity threshold L crit ν ≈ 5 × 10 52 (Ṁ /Ṁ ⊙ ) erg/sec to overcome the gravitational pressure of infilling matter. The rate of infilling matterṀ /Ṁ ⊙ ∼ 0.1 decreases during the shock time interval, and increases after shock wave stalls [17] . If the neutrino diffusion time is smaller than or the same order as the shock wave time, the outgoing neutrino flux is in the same direction of outgoing shock wave with small rateṀ /Ṁ ⊙ . This implies that (i) the critical luminosity L crit ν becomes small; (ii) neutrinos have much more probability to interact with infilling matter and transfer their energy-momenta to make a powerful explosion [7, 9, 17] .
We are in position of marking the following remarks on the excess neutrino luminosity (11) for an supernova explosion:
1. The excess neutrino luminosity turns on at the radius R dec ∼ (2 − 5)R c , indicating that an instability is triggered. The shock wave occurs around this radius; 2. The time scale of excess neutrino luminosity is about 10 −2 sec., the same order of shock wave time scale t sh , indicating that the excess neutrino luminosity starts to act for explosion almost at the same time as the shock wave starts, rather than after shock wave stalls; 3. If the fraction of excess neutrinos overall neutrinos is about one percent (η EX ∼ 1%), the excess neutrino luminosity (11) is larger than the threshold luminosity L crit ν ∼ 5×10 52 erg/sec, satisfying the necessary condition for an supernova explosion.
These properties of excess neutrino luminosity might give a solution to the main problem of delayed mechanism: channeling some small fraction (η EX ∼ 10 −2 ) of the neutrino energy to the proper place [R dec ∼ (2 − 5) × 10 6 cm] and at the proper time (t EX diff ∼ 10 −2 sec) to cause the supernova explosion. The energy of excess neutrinos can be estimated by L ν (R dec ) × t EX diff ∼ η EX 10 53 ergs. However, it should be mentioned that (i) the excess neutrino decoupling radius R dec ∼ (2 − 5)R c is a lowlimit, because there are other processes of neutrino productions which we do not consider; (ii) the excess neutrino diffusion time-scale 10 −2 sec is also a low-limit because it is obtained from the purely right-handed neutral current interaction; (iii) the excess neutrino fraction η EX < 0.1 is an up-limit, because it is obtained by total energy conservation and we do consider all possible energy dispassive channels. In the present model and calculations, we are not able to give the uplimit of the excess neutrino diffusion time-scale and the low-limit of excess neutrino fraction η EX .
Thus, excess neutrinos might not play an important role in Supernova explosions for the following two cases: either the the excess neutrino diffusion time-scale is larger than the shock time-scale (t th ∼ 0.1 sec) or the the excess neutrino fraction is so small that the excess neutrino luminosity is smaller than critical one L crit ν . Nevertheless, we will show that in cooperation with strong electric fields on stellar core surface [20] , these excess neutrinos can at least play an important role for enhancing electric field [21] and trigging electron-positron pair productions [22] .
Neutrino emission in cooling phase. In the neutrino sphere, in addition to excess neutrinos, most neutrinos participate the β-equilibrium (1) and we call them β-neutrinos to distinguish them from excess neutrinos. Their diffusion time can be estimated by
which is about a few seconds (t T diff 1 sec) for the core radius R c ∼ 10 6 cm and opacity τ ν ∼ 10 3 .
The diffusion time (12) of β-neutrino flux is much larger than the shock time t sh , the outgoing β-neutrino flux starts after the shock wave stalls and the infilling mater rateṀ /Ṁ ⊙ increases.
This implies that (i) the threshold luminosity L crit ν becomes large; (ii) β-neutrinos have not much probability to interact with infilling matter and transfer their energy-momenta to make a powerful explosion. Therefore β-neutrinos cannot be relevant for the delayed mechanism to revive the shock wave.
Because of their short diffusion time (10 −2 sec), excess neutrinos are assumed to completely emit when a new born proto-neutron star is formed at the radius R c after an Supernova explosion.
The number of major β-neutrinos left over inside the neutrino sphere is about A/2, which is approximately given by the critical condition (7). Due to the radial gradient of pressure and particle density inside the core, these β-neutrinos diffuse outwards and emit from the core, leading to the cooling of new born proto-neutron stars. In this cooling phase, while β-neutrinos are diffusing out of the core, the neutrino production via the process of electron capture (1) takes place. As a consequence, the value A/N p increases from the value A/N p ≈ 2 for neutrinos trapping to the value A/N p ≈ 250 for all neutrinos escaping at the end of cooling phase (see Fig. 2) . Thus, the total number of neutrinos produced by the process of electron capture should be about A/2. The total number of emitted neutrinos in the cooling phase should be about A, which is the sum over β-neutrinos and neutrinos produced by electron capture process from A/N p ∼ 2 to A/N p ∼ 250.
Carrying major neutrino energy and number in the entire neutrino sphere, β-neutrinos play an important role in the cooling phase of a new born proto-neutron star [6, 14] . As mentioned, excess neutrino energy is about η EX 10 53 ergs. Then β-neutrino energy should be about (1 − η EX )10 53 ergs. This is the predominant cooling mechanism immediately after formation proto-neutron star with a timescale of seconds, and the total energy carried away by β-neutrinos and neutrinos produced by electron capture process should be the major part (about 99%) of the gravitational binding energy [6, 14] .
Some remarks. In this Letter, we only consider the core of collapsing star at radii R < R * ≈ 20R c (ρ * ∼ 10 11 gr/cm 3 ) on the basis of homologous collapse [4] . However, we assume that the core density ρ is spatially homogeneous and its sharp boundary described by a Heaviside step function, i.e., ρ = δ(r − R)M/V , neglecting the variation of core density at the boundary. This approximation leads to the effective mass inside the core is larger than realistic one, then energyand number-densities of neutrino sphere calculated are probably larger than that in realistic case.
In addition, ignoring nuclei of iron group in the core, we adopt a model of completely degenerate free electrons, protons and neutrons to calculate their chemical potentials. This approximation affects on the calculations of the ratio A/N p and neutrino productions. Under these approximations, we show the possible presence of excess neutrinos decoupled from the β-processes, and obtain the preliminary results of the decoupling radius R dec , excess neutrino fraction η EX , excess neutrino diffusion time t EX diff and excess neutrino luminosity L EX ν , which could be a possible solution to the main problems of delay mechanism for supernova explosion. We also briefly discuss β-neutrinos and neutrinos produced by electron capture process in the cooling phase of new born proto-neutron stars. The detailed calculations to obtain these preliminary results of this Letter will be presented in a lengthy article [22] . Needless to say, these preliminary results are necessary to be verified by other approaches, in particular numerical approaches.
